Previous research has shown that humans struggle to interpret multiple perceptual signals when the information provided by these signals is incongruent. In the context of olfactory-visual integration, behavioral and neuronal differences in response to congruent and incongruent stimulus pairs have been established. Here, we explored functional connectivity of the human brain with regard to the perception of congruent and incongruent food stimuli. Participants were simultaneously presented olfactory and visual stimuli of 4 different food objects, 2 healthy and 2 unhealthy objects. Stimulus pairs were grouped into "congruent" (olfactory and visual presentation of the same object), "semi-congruent" (stimuli of similar "healthiness"), and "incongruent" (healthyunhealthy stimulus combination). Using functional magnetic resonance imaging and psychophysiological interaction (PPI) analyses, we revealed part of a neural network, the nodes of which show differential connectivity depending on the level of congruency of the presented stimulus combinations. This network relies strongly on, mostly left, inferior frontal gyrus. The analysis of such network transcends standard subtractive designs and indicates the need for more detailed formulations of neuronal models and increased specificity in functional imaging.
Introduction
We live in a complex environment that continuously stimulates all our senses. Rather than being overwhelmed by this abundance of information, our brain filters and structures all incoming multisensory signals and ultimately provides us with a coherent percept, both on a conscious and subconscious level (Mudrik et al. 2014) . As a result of multimodal sensory integration, we are usually able to recognize a single object stimulating multiple senses rather than multiple unrelated perceptual signals. This integration process is, however, not one-directional; a unimodal stimulus provides expectations on multiple modalities, as such, Cooke et al. (2007) indicated that we are capable of judging the similarity of different objects each perceived using a different modality (haptic or visual). In their well-known study, McGurk and MacDonald (1976) showed that the multisensory expectations induced by incongruent visual and auditory stimuli are powerful enough to induce the percept of an object which does not match either of the 2 inputs, rather, we consciously perceive the best fitting mixture of the two. Examples like these indicate the large role that multisensory processing plays during conscious perception and thus perceptual neuroscience.
With regard to the chemical senses, taste (gustation) and smell (olfaction), previous studies have provided evidence that an incongruent visual stimulus can change how we perceive a simultaneously presented odor (Gottfried and Dolan 2003; Osterbauer et al. 2005) or how we describe it (Morrot et al. 2001) . Using functional magnetic resonance imaging (fMRI), Gottfried and Dolan (2003) explored brain activation of participants when they were presented with congruent compared with incongruent olfactory-visual (OV) stimulus combinations. This comparison revealed increases in the left hippocampus and orbitofrontal cortex (OFC) activity which is interpreted as the retrieval of semantic associations, the selection of behavioral strategies and higher-order olfactory computations. Using a similar paradigm of congruent and incongruent colors paired with olfactory stimuli, Osterbauer et al. (2005) revealed a left dominant network for stimulus pairs of higher rated congruency involving caudal OFC, pars orbitalis (POrb) of the inferior frontal gyrus (IFG), and gyrus rectus in addition to anterior insula, frontal operculum and temporal pole. Considering how the OFC receives input from both primary olfactory and visual pathways, the authors argue the OFC to be the initial site of OV integration. A similar, yet not left lateralized, network of IFG and insula was shown to be involved in multimodal processing of stimulus identification in the somatosensory and auditory domains (Renier et al. 2009 ) as well as object familiarity for auditory-visual (AV) stimuli (Hein et al. 2007) .
The recurrence of similar regions across modalities and tasks could indicate the presence of a network, involved in the perception of, and differentiations between, multimodal stimuli. Currently, documentation of the extent and implications of such network remains limited, limiting the interpretation of neuroimaging results regarding the involved areas. Some light is shed on this topic by Ripp et al. (2018) who showed functional connectivity between several regions of interest using a graph theoretical network analysis of fMRI data obtained during unimodal and bimodal congruent and incongruent OV stimulus presentation. To further unravel the regions involved in this multimodal network, focusing in particular on its role in the perception of semantic congruence and chemosensation, we investigated the influence of OV congruence of food stimuli on a behavioral and neuronal level. Considering the importance of food and food odors throughout human evolution, as well as in our current daily lives, we believe that food odors and pictures are good stimuli to activate the hypothesized network. In addition to "congruent" (same food object) and "incongruent" (different food objects) stimulus pairs commonly used to investigate congruency, distinguishing between "healthy" and "unhealthy" food objects enabled the presentation of "semi-congruent" (different but similar food objects) OV stimulus pairs. Adding a third factor to this paradigm allowed us to investigate neural correlates which might otherwise be hidden due to neural or cognitive efficiency (Rypma et al. 2006 ) which describes how improved performance, suggesting the development of an expertise for the task, can coincide with reduced neural activation. While the task remains relatively easy to complete we expect semi-congruent stimuli to be more challenging for the perceptual system to recognize. Using psychophysiological interactions (PPI), we here aimed to reveal a network of functional connectivity changes depending on semantic congruence between stimuli.
Materials and methods

Participants
Twenty-two physically and mentally healthy, right-handed, participants (11 females) aged between 19 and 41 years (mean [M] age = 26.0 years; standard deviation [SD] = 5.0 years) took part in the study. Participants' olfactory ability was screened using the MONEX-40 (Freiherr et al. 2012 ). This olfactory identification task uses a 4-alternative forced-choice task to rate the subject's sense of smell. Participants have to correctly identify at least 27 out of 40 odor samples to pass the cut-off criterion.
Additionally, participants were screened for neurological and psychological disorders using the Montreal Cognitive Assessment (MoCA; Nasreddine et al. 2005 ), Beck Depression Inventory (BDI; Beck et al. 1996) and Brief Symptom Inventory (BSI; Derogatis and Melisaratos 1983) . Data of 3 participants were excluded from the analysis due to insufficient whole-brain coverage of fMRI images or scanner induced artifacts.
Twenty-one physically healthy participants (14 females) aged between 20 and 45 years (M = 26.7 years; SD = 6.6 years) participated in a behavioral pilot to verify congruency levels of the olfactory and visual stimuli.
Visual stimuli
Visual stimuli consisted of stock color pictures of 4 different food products ("apple," "orange," "caramel," and "chocolate") on a white background. All images had an equal resolution of 300 × 300 dots per inch and color depth of 24 bit. Food images were selected to best represent the matching odor stimuli. To increase the sense of realism, pictures containing smaller "bite-size" parts of the food product in addition to a larger piece, to clearly depict its nature, were selected.
Olfactory stimuli
Olfactory stimuli were applied using a computer-controlled olfactometer (Lundström et al. 2010 ) delivering a continuous airflow of 3.0 liters per minute to both nostrils. The air travels through glass jars filled with liquid solutions, forming an odorous mixture. This mixture then travels through 10 m of Teflon tubing, delivering it to the subject. The olfactometer contained 5 different jars, 4 of which comprised the food odor solutions provided by Givaudan UK Ltd: "apple" (apple AB2786K, 12.5% in propylene glycol), "orange" (orange oil brasil, 75% in diethyl phthalate [DEP] ), "caramel" (caramel lactone 1% TEC, 20% in DEP) and "chocolate" (choco noir 1130 TEC/3, 12.5% in propylene glycol). The fifth jar contained pure propylene glycol (PG, Sigma Aldrich), this was used to generate an odorless mixture, administered in between the olfactory stimuli. Solution concentrations varied to optimize stimulus iso-intensity (see Behavioral results). For later reference, "healthy" refers to the visual and/or olfactory stimuli "apple" and "orange" and "unhealthy" refers to "caramel" and "chocolate," respectively. "Caramel" and "chocolate" were chosen as stimuli due to their prevalence in our daily lives and common association with unhealthy candy. "Apple" and "orange" were chosen because fruits are generally considered healthy food products; most artificially produced fruit odors, however, suffer from the problem of being identified as candy due to the prevalence of artificial fruit odors in sweet, generally unhealthy, food products. Internal testing within our department indicated that these specific odor solutions were not associated with candy as strongly as alternative odor solutions (no data reported). The differentiation between "healthy" and "unhealthy" food products is made to allow for multiple levels of congruence when creating bimodal stimulus pairs.
Respiratory behavior
In addition to the Teflon tube transporting the odors, each custom designed nose piece was fitted with an additional tube, connected to a PowerLab 8/35 system using the PowerLab Spirometer Pod ML311 (ADInstruments Ltd.). This setup allowed us to record changes in air pressure (expressed in mV) from both nostrils, corresponding to respiratory activity.
Procedure
For the behavioral pilot, participants sat in front of a 19″ screen on which the visual stimuli were displayed. Olfactory stimuli were simultaneously presented by holding a glass vial containing the respective odor solution near the subject's nose for 3-4 s. After the vial was closed, participants were asked to rate how well the odor and picture fit together. Ratings were provided through a mouse click on a visual analog scale (VAS) ranging from "not at all" to "very well." Participants were informed that all picture odor combinations could be presented but were not specifically informed about the existence of multiple congruence levels.
During the fMRI session, presentation of visual stimuli and triggering of the olfactometer was accomplished using the E-Prime 2.0 software (Psychology Software Tools, Inc.; Schneider et al. 2002) . Participants performed the experiment while lying in a full-body MRI scanner. Visual stimuli and task instructions were presented on an MRI compatible screen (NordicNeurolab 40 inch, 4K Ultra High Definition (UHD) InroomViewingDevice, NordicNeuroLab AS) positioned behind the scanner's bore. The screen's content was mirrored because participants viewed it through a mirror positioned several centimeters above their eyes angled at 45°. During the experiment, participants responded by pressing specific buttons on a custombuild, MRI-compatible, keyboard positioned under their right hand.
Before entering the MRI scanner, participants were verbally informed about the experimental procedure and behavioral task. This included viewing the visual stimuli and identifying them (no data obtained). Before the paradigm started, but after the participant was placed in the MRI scanner, participants were presented with the olfactory stimuli to prevent any effects caused by differences in familiarity (Hein et al. 2007) , additionally this enabled us to obtain odor-specific pleasantness and intensity ratings using a 100-point VAS. Figure 1 shows the temporal design of the paradigm. Task instructions were repeated in written form on the screen before starting. Participants were simultaneously presented with an olfactory and visual stimulus. Visual stimuli were presented for a duration of 1200 ms. The olfactometer was triggered 800 ms before the visual stimulus was presented to compensate for the time required for the odor to travel through the Teflon tubes to the participant's nose. During this 800 ms, participants viewed an empty white screen. The olfactometer remained turned on for 2000 ms per stimulus. Participants were informed that any combination of odors and pictures, including incongruent ones, could be presented. They were not specifically informed about the importance of these combinations. Participants were instructed to sniff when the figure appeared as this is when the odor would be perceivable. After the stimulus presentation, participants were asked to judge, as fast as possible, whether the olfactory stimulus belongs to the "healthy" or "unhealthy" food category. This categorization and the stimuli included in each category was specified when the participants were informed about the behavioral task. The participant's attention was directed to the olfactory stimulus to limit the influence of visual dominance (Colavita 1974; Colavita and Weisberg 1979) . Directing the participant's attention to the visual, rather than the olfactory, stimuli could limit multisensory integration as the odor could then be ignored. As multimodal interactions have been established for haptic perception (Cooke et al. 2007) and to ensure that motor action and somatosensory activation of a button press did not interfere with OV multimodal integration processes in our study, participants were not able to respond until after stimulus offset. As a result, information provided by obtained response times will be limited, as they are more likely to represent a response time to the end of the stimulus than stimulus categorization. This response screen lasted, on average, 480 ms. After each response, an empty white screen was shown for 8 s before the next stimulus was presented, a jitter was not required since the participants' responses generated enough variation to prevent the paradigm from synchronizing with scanner pulses. Participants were presented a total of 96 stimulus pairs, each picture and odor was presented 24 times, stimulus combinations differed in number, however; exact data are shown in Table 1 .
Presenting the stimulus pairs in these quantities allows for a subdivision into "congruent" ("C," matching visual and olfactory stimuli, e.g., visual = "apple," olfactory = "apple"), "semi-congruent" ("SC," visual and olfactory stimuli do not match yet their "healthiness" does, e.g., visual = "apple," olfactory = "orange"), and "incongruent" ("IC," visual and olfactory stimuli do not match in any way, e.g., visual = "apple," olfactory = "chocolate"), while maintaining equal trial numbers (32) across groups.
Magnetic resonance imaging
Structural and functional images were obtained using a 3 Tesla MRI scanner (Siemens Magnetom Prisma syngo MR D13D), with a 20-channel head coil. High-resolution structural images were obtained using a T1-weighted Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence, scanning 176 slices with a matrix size of 256 × 256 and a voxel size of 1.0 mm isotropic, resulting in a field of view (FoV) The visual stimulus lasted for 1200 ms, the olfactory stimulus started 800 ms earlier and lasted longer to compensate for the time needed for the odor to reach the participant's nose. Stimulus presentation was followed by responding to whether the odor was of healthy or unhealthy nature, this took on average 480 ms. After an 8000 ms intertrial interval the next trial started.
sequence ranged from 511 to 565 volumes (M = 524.2, SD = 13.6) resulting in an average sequence time of 17 min and 28 s. The first 3 volumes of each sequence functioned as dummy scans and were excluded from the analysis.
Data analysis
Behavioral data analysis VAS ratings obtained during the pilot were transformed to yield a value from 0 to 100. Mean values were calculated for each of the 3 congruence conditions and compared using a maximum-likelihood optimized linear model, listing the preassigned condition as a repeated measure.
The goal of the behavioral task, asking the participants to identify the odor's healthiness category, was to force participants to actively attend to the stimuli. Considering the high accuracy (94.7%) of the behavioral task, we can assume that incorrect answers were only provided when the participants did not correctly attend to or perceive the stimuli. There were too few incorrectly answered trials to generate subgroups allowing for meaningful comparisons, therefore, the incorrectly answered trials were excluded from further analyses, both behavioral and functional imaging. Data analysis was performed using IBM SPSS Statistics software and statistical significance was assumed at a threshold of P < 0.05. Friedman tests were used to test for differences in response times, odor pleasantness, and odor intensity ratings as normality was rejected for each of these by, relatively liberal, 1-sample Kolmogorov-Smirnov tests. Wilcoxon signed rank tests were used, where applicable, for post hoc comparisons.
Respiratory behavior
Respiratory data were successfully obtained from 17 of the subjects included in the functional imaging analysis. Data were extracted from a 10-s interval after each olfactory stimulus was triggered. From this, 3 measures were calculated using LabChart 8 software: peak amplitude, which estimates sniff intensity; number of peaks (cut-off size = 2 SDs), which estimates the number of sniffs; integral relative to the minimum, which functions as a measure of overall respiratory behavior, both inspiration and expiration. For each of these measures, mean values were calculated for each condition per subject. These values were compared using maximum likelihood optimized linear models, listing a subject factor and stimulus condition as a repeated measure. Significance thresholds were set at P < 0.05.
Imaging data preprocessing
Analysis and preprocessing of functional imaging data was performed using SPM12 r6906 (Statistical Parametric Mapping 12; http://www. fil.ion.ucl.ac.uk/spm/, accessed 06 July 2018), a MATLAB-based toolbox (The MathWorks, Inc.) and the generalized PPI (gPPI) toolbox (McLaren et al. 2012) . Before being analyzed, the data's slice timing was corrected, using the middle (18th) slide as a reference. Three-dimensional motion correction (3DMC) was performed to realign the images, compensating for participants' head movement. Both, the functional and structural images were co-registered and normalized to MNI space. The images were then segmented using SPM12's European brains implemented tissue probability map. These normalization steps allow for a generalized second-level analysis of the data. Finally, functional data resolution was down-sampled to 3 mm isotropic and smoothed using a Gaussian kernel with a full-width half-maximum (FWHM) of 8 mm. Corrections made by the 3DMC were plotted to identify abrupt or extensive participant movement which might still influence the data after correction. Visual inspection of these plots did not indicate a need for additional adjustments or exclusion of subjects.
General linear models
A first-level factorial design model was specified, using the onset times of the visual stimuli as events with a duration of 1200 ms. Setting this duration rather than 0, as is common in event-related paradigms, allows for proper sampling for the PPI-analysis. Trials were sorted in conditions based on the stimulus pair type ("congruent," "semi-congruent," and "incongruent"). Realignment parameters obtained from the 3DMC, as well as a regressor containing the subjects' respiratory data, were added to the model as regressors of no interest.
To establish differences in activation levels between conditions on a group level, a second-level whole-brain within-subject analysis of variance (WS-ANOVA) was performed using the main effect contrasts images of each condition of the first-level analysis. These models were chosen over a 4 (picture) by 4 (odor) full factorial as this alternative would suffer from different trial numbers per cell, as the trial numbers per condition were optimized to allow for differentiation between the 3 levels of congruency. The significance level was set at P < 0.001 uncorrected for whole-brain comparison to optimize VOI selection. A voxel-size threshold of 2 was selected as single active voxels were deemed irrelevant.
Psychophysiological interaction
PPI reveals changes in functional connectivity between a predetermined seed region and the rest of the brain. This is achieved by comparing the correlation of activation levels of a seed region with activation levels of the rest of the brain, while adjusting for activation induced by experimental conditions. By comparing these correlation values, obtained during 1 experimental condition with another, we can reveal how functional connectivity changes depending on the experimental stimulation.
Due to the olfactory nature of the experiment the piriform cortex (pirC) was chosen as a primary volume of interest (VOI). Additional VOI's were selected based on the results of the second level WS-ANOVA ( Figure 5 ). Center coordinates of the pirC VOI were defined following the results of the activation likelihood estimation (ALE) meta-analysis by Seubert et al. (2013) . Center coordinates of the additional VOI's (Table 2) were selected based on peak activation levels in their corresponding activation clusters in the second level WS-ANOVA. Spherical VOI's with a radius of 5 mm were created and masked using subject-specific coverage maps to avoid sampling voxels outside the brain. Center coordinates of the putamen VOI's were adjusted, placing them in the center of the putamen to avoid sampling from neighboring striatal regions. Visual/olfactory stimulus "Apple" "Orange" "Caramel" "Chocolate"
Ninety-six stimulus pairs were presented to each subject. All olfactory and visual stimuli were presented in equal numbers. Pair frequencies differed to allow for an equal division into 3 categories: "congruent" (❍), "semi-congruent" (■), and "incongruent" (▲). Significance level is set at P < 0.001 uncorrected for whole-brain analysis, cluster-size threshold of 5 voxels. Coordinates of seed regions indicate the center point of the 5 mm radius VOI. Coordinates of clusters indicate the location of the highest significant voxel. Results without a cluster size correspond to secondary peaks in the cluster reported above. Reported t values correspond to peak significance levels. The column titled "contrast" indicates which conditions, "congruent" (C), "semi-congruent" (SC), or "incongruent" (IC), were compared and in which direction to obtain the results.
PPIs were calculated using the gPPI toolbox which extracts the blood oxygenation level dependent (BOLD) signal at the VOI's for each subject separately. PPI terms are then, contrary to standard PPI approaches (Friston et al. 1997) , modeled for each condition independently before contrasts are generated. This approach is preferred for paradigms investigating more than 2 experimental conditions. Six contrasts ("C > IC," "IC > C," "C > SC," "SC > C," "SC > IC," and "IC > SC") were then generated, the resulting images were fed into a second-level whole-brain 1-sample t-test.
Significance thresholds were set at P < 0.001 (uncorrected) with a cluster-size threshold of 5 voxels, to limit the prevalence and influence of potential false positives. While this threshold size does not reduce the number of false positive clusters nearly as much as an FWE correction would, it reduces the number to a level which, with certain limitations, can be interpreted in a meaningful way. As hemodynamic responses corresponding to olfactory perception tend to be relatively small in nature, combined with the level of specificity in our design, which compared the correlation of neuronal activation between congruence levels of similar multimodal stimuli rather than comparing data to a baseline, it proved difficult to obtain signal intensities strong enough to allow for whole-brain corrections.
Cluster labeling
Activation clusters obtained from the second-level WS-ANOVA as well as PPI results were labeled using a combination of SPM Anatomy Toolbox 2.2b (Eickhoff et al. 2005 (Eickhoff et al. , 2007 , Atlas of the Human Brain (Mai et al. 2015) and Multi-image Analysis GUI (http://ric.uthscsa.edu/mango/download.html, accessed 06 July 2018). Assigned labels describe the brain region most likely to have induced the corresponding activation cluster. Labels follow, preferentially, anatomical definitions; functional definitions are added for more specificity where needed.
Results
Behavioral results
Data obtained for screening purposes indicates that all participants were normosmic, as verified by the MONEX-40 (M = 32.2; SD = 3.2; range = 27-38, cut-off = 27). All participants passed each of the neurological and psychological screening tests' criteria (MoCA ≥ 26 out of 30, BDI < 11 out of 63, BSI criteria were age and gender-based SCL-90R norm values with t values > 60 in less than 3 scales and GSI < 60).
Ratings obtained during the behavioral pilot ( Figure 2 ) revealed a significant difference in perceived congruence between the 3 conditions [F(2, 20) = 117,96, P < 0.001]. Pairwise comparisons revealed that the mean rating of each condition differed significantly from both other conditions (P < 0.001 for all comparisons, Bonferroni corrected).
Odor solutions were identical to those used by Hoffmann-Hensel et al. (2017) ; healthiness ratings obtained in this study show that the odors resembling "healthy" food products were rated as more healthy than those resembling "unhealthy" food products.
Pleasantness ratings did not follow a Gaussian distribution for all olfactory stimuli (normality rejected for stimulus "PG," P = 0.001). Pleasantness ratings differed between stimuli (χ 2 = 11.6, df = 4, P = 0.020), post hoc analyses did not reveal any significant differences after correcting for multiple comparisons. Intensity ratings did not follow a Gaussian distribution either (normality rejected for stimuli "PG," P = 0.010 and "orange," P = 0.039). Intensity ratings differed between stimuli (χ 2 = 45.9, df = 4, P < 0.001), post hoc analyses revealed this difference to originate from the comparisons "chocolate" against "caramel" (z = 3.05, P = 0.020, Bonferroni corrected) and "PG" against each of the odors (P < 0.001 for all comparisons, Bonferroni corrected). Detailed values of intensity and pleasantness evaluation can be found in Figure 3 . Response times did not follow a Gaussian distribution in any of the conditions (P = 0.002, 0.025, and <0.001 for "congruent," "semi-congruent," and "incongruent" stimulus pairs, respectively; values are Lilliefors corrected). Median response times (479, 501, and 461 ms, respectively) did not differ significantly between conditions (χ 2 = 3.36, df = 2, P = 0.186). Note, however, that these times are more likely to represent the participant's response to the end of the stimulus than odor categorization. 
Respiratory behavior
Imaging results
The second-level WS-ANOVA allowed for multiple meaningful contrasts (Figure 4 ). For the contrast IC > C, an activation cluster in right superior temporal sulcus (STS) was found (P < 0.001). This same contrast also revealed an increase in right anterior insula activity and a small cluster in left putamen (P < 0.001). Contrasting IC > SC revealed right hemisphere dominant, bilateral supramarginal gyrus (SMG) activation (P < 0.001) as well as a cluster in left anterior middle frontal gyrus (aMFG) (Figure 5 ). Other contrasts (C > SC, C > IC, SC > IC, and SC > C) did not yield any activation clusters of interest.
PPIs were performed seeding from VOI's based on the results of the WS-ANOVA ( Figure 5 ) and bilateral piriform cortex. We did not seed from left SMG since the activation cluster was, compared with its contralateral counterpart, considered too small to expect meaningful connectivity results. Despite not showing significant activation in the second level analyses, right putamen was included as a seed region. While lateralization of the functions of striatal regions is possible, we deem it unlikely that, in light of the involvement of left putamen, right putamen plays no role at all in the current paradigm. PPIs and corresponding second-level t tests were performed for each seed region, using the PPI-terms of each contrast. Table 2 lists the full results of our gPPI analyses. Due to the relatively liberal significance threshold used, a substantial part of these results might, however, be false positives. To limit the influence these have on our interpretation of the data, the main focus should be on recurring regions, forming a potential network. Figure 6 shows relevant connectivity between seed regions and IFG ( Figure 6A ) and insula ( Figure 6B ). Arrows indicate significant changes in connectivity between a seed region (blue node) and a result (white node). With the exception of bilateral pirC and SMG, all connectivity with IFG was left lateralized. Arrows are color coded to depict the dominant condition in the contrast (congruent: green, semi-congruent: blue, incongruent: red). Parts of a network become apparent, revealing the differential involvement of certain regions, with the majority of regions being heavily interconnected, especially with regard to semi-congruent (blue arrows) stimuli. Figure 6 is best interpreted by choosing a specific region, either seed or result, and tracking its connections.
Of most interest is bilateral IFG, of which 4 substructures (dorsolateral PFC [DLPFC] , pars triangularis [PTri] , POrb, and pars opercularis [POp] ) showed changes in functional connectivity with several seed regions for multiple contrasts (Figures 4E and 6A) . Contrasts favoring congruent stimuli yielded relatively few results for left IFG, showing only a connection between left putamen and PTri. Results originating from contrasts favoring semi-congruent stimuli were more common, showing connectivity with left putamen (with left DLPFC), right putamen (with left DLPFC, POp, PTri, and POrb), and right STS (with left PTri and POrb). For contrasts favoring incongruent stimuli, changes in connectivity were found for left aMFG (with left DLPFC and left PTri) and right STS (with left PTri). Left pirC showed some connectivity with left POrb for a contrast favoring semi-congruent stimuli; however, these clusters did not reach the 5 voxel threshold.
Although not as prevalent as left IFG, its contralateral counterpart also showed several changes in functional connectivity for contrasts favoring each of the conditions. Favoring semi-congruent stimuli, increased connectivity was found between left pirC and right PTri. Increased connectivity was found between right pirC and right DLPFC for a contrast favoring incongruent stimuli. Right SMG also showed increased connectivity with right DLPFC, however, this increase was found for contrasts favoring congruent stimuli.
Additionally, bilateral insula showed several connections with our seed regions. For contrasts favoring congruent stimuli, we found a connection between left aMFG and right insula. Connections resulting from contrasts favoring semi-congruent stimuli were also found for right insula, showing connections for right insula with right putamen, left pirC, and right STS. Additionally, left insula also showed increased connectivity with right pirC for semi-congruent stimuli. For contrasts favoring incongruent stimuli, a connection was found for left aMFG with left insula and right putamen with right Figure 3 . Pleasantness and intensity ratings. Mean pleasantness (black) and intensity (gray) ratings, with standard error of the mean, obtained on a 100-point VAS scale before the start of the paradigm. After correcting for multiple comparisons, no differences were found between the stimuli's pleasantness ratings. In addition to the expected difference of PG compared with the odors (*′ indicates significantly lower than all other intensity ratings, P < 0.001 for all comparisons, Bonferroni corrected), the only odors that differed significantly regarding intensity (after Bonferroni correction) were "chocolate" and "caramel" (z = 3.05, P = 0.020).
insula. Note that the connections between seed regions and right insula do not correspond to the insula cluster used as a seed region.
Changes in functional connectivity with early visual system were relatively limited with exception of right putamen, which showed connections with a large number of visual regions. Connections were found with striate and extra-striate cortices as well as posterior parietal regions, predominantly for the congruent over semi-congruent contrast.
Discussion
In the present study, we investigated the differential processing of multimodal stimulus pairs of varying congruency levels. By discriminating between stimuli on a "healthiness" level, we were able to present a third congruency condition (semi-congruent) in addition to matching (congruent) and nonmatching (incongruent) stimulus pairs. Congruence ratings, obtained during a separate behavioral Figure 5 . WS-ANOVA cluster details. Bar graphs depict beta values, with standard error of the mean, obtained from clusters identified by the second level model, for each of the 3 experimental conditions. Cluster size in voxels and coordinates of peak activation are shown below each cluster's anatomical label (aMFG abbreviates anterior middle frontal gyrus). Significance stars indicate which conditions showed a significant difference in activation (P < 0.001). . Green, blue, and red arrows indicate higher connectivity for contrasts favoring "congruent, " "semi-congruent, " and "incongruent" stimulus pairs, respectively. Arrows are directed toward the IFG as a whole, not to specific clusters. Direction of the arrows highlights that connectivity was tested from a seed region and does not imply directionality of the connectivity. pilot (Figure 2 ), confirm that most participants perceived the categorized stimulus pairs at the hypothesized level of congruence. Our initial general linear model (GLM) revealed activation in putamen, insula, and STS when comparing incongruent against congruent (IC > C) stimulus pairs and aMFG and SMG when comparing incongruent against semi-congruent (IC > SC) stimulus pairs. Although these regions have previously been shown to be relevant for multimodal perception and integration (Beauchamp et al. 2004; Renier et al. 2009; Willems et al. 2009 ) and even congruency of multimodal stimuli (van Atteveldt et al. 2004; Hein et al. 2007) , analyses have mostly focused on revealing neural correlates of multimodal integration itself or those of stimulus congruency rather than the opposing contrast, preferring incongruency, which granted the current results. Similarly, Olofsson et al. (2014) presented participants with an olfactory cue followed by either a matching or nonmatching word. Responses in anterior temporal lobe were sustained for nonmatching cues compared with matching cues. The authors hypothesize cross-adaptation effects (Henson and Rugg 2003) to be the cause of incongruence-related neuronal activation. In addition to offering an explanation for these activation patterns, the sustained anterior temporal activation shown by Olofsson et al. (2014) was not present for visual cues, indicating differential processing of multimodal stimuli of different modalities (visual-auditory vs. olfactory-auditory).
Inferior frontal gyrus
Our PPI results indicate a strong involvement of multiple subregions of IFG (Figure 6 ) in processing of especially semi-congruent, as well as incongruent and congruent OV stimulus pairs. Nearly all of our seeds showed differential functional connectivity between congruence levels with one or more of these regions of, mostly left, IFG. Interestingly, previous GLM-based fMRI studies show mixed results regarding IFG involvement in multimodal perception; while multiple studies indicate higher IFG activation for the perception of incongruent compared with congruent stimuli (Belardinelli et al. 2004; van Atteveldt et al. 2004; Ojanen et al. 2005; Pekkola et al. 2006; Hein et al. 2007; Naumer et al. 2009; Willems et al. 2009 ), similar results are found for congruent compared with incongruent stimuli (Osterbauer et al. 2005) and semantically neutral multimodal stimuli (Renier et al. 2009 ) Figure 6 . IFG and insula connectivity diagrams. Displayed are seed regions and corresponding changes in functional connectivity connected to inferior frontal gyrus (A) and insula (B). Green arrows indicate increased correlations for contrasts favoring "congruent" stimulus pairs (C > SC and C > IC), blue arrows refer to contrasts favoring "semi-congruent" stimuli (SC > C and SC > IC) and red arrows indicate contrasts favoring "incongruent" stimuli (IC > C and IC > SC). To identify connectivity, track arrows originating from a seed or target region of choice. The direction of the arrows highlights that connectivity was tested from a seed region and does not imply directionality of the connectivity. Blue boxes indicate the areas used as seed regions. Note that each box corresponds to a specific area, not an activation cluster; multiple arrows connecting to the same area do not necessarily indicate connectivity to the same cluster. Bilateral pirC and right SMG connect with right IFG, all other connectivity shown is with left IFG.
while others failed to reveal any IFG involvement at all (Gottfried and Dolan 2003) . Note that the majority of studies reporting IFG results supporting congruent stimulus pairs focus on AV stimuli and error detection rather than OV stimuli used in the present study. In a recent publication, however, Ripp et al. (2018) reported higher connectivity with left IFG for bimodal compared with unimodal olfactory/visual stimuli. This connectivity was, however, limited to middle occipital gyrus. To further interpret the involvement of IFG in multimodal OV perception we investigated the seed regions which provided these connectivity changes. Of special interest are seed regions commonly found active for unimodal olfactory perception, namely, bilateral putamen and pirC (Seubert et al. 2013) . These regions showed connectivity changes with different parts of the IFG for multiple contrasts. Specifically, connectivity changes originating from pirC with IFG are of importance as they indicate connectivity with the olfactory system directly rather than being limited to multimodal areas. The great variation in connectivity changes with IFG seen across seed regions and especially areas related to olfactory perception offers an explanation as to why no significant differences in activation were found for IFG in this study nor by Gottfried and Dolan (2003) .
A strong argument can be made when explaining the IFG's involvement in multimodal perception tasks as being semantic based; Broca's area, which includes POp and PTri, is known for its involvement in language (Rutten et al. 1999; Musso et al. 2003; Ojanen et al. 2005; Fadiga et al. 2009 ) and perception of familiar odors (Savic and Berglund 2004; Ciumas et al. 2008 ). This argument is however brought into question by the results of Renier et al. (2009) , who revealed, among others, IFG activation for localization and identification, using an n-back (Owen et al. 2005 ) memory task, of semantically neutral sounds and somatosensory stimulation. Furthermore, Olofsson et al. (2013) reports reduced performance on an odor naming task for patients suffering from nonsemantic primary progressive aphasia. The authors showed that for patients affected by this neurodegenerative disorder, performance on an odor naming task correlating with cortical thickness in, among others, IFG and temporal pole. When presented with word or picture cues, however, the patient's performance no longer differed from healthy, age-matched controls. Together these findings raise 2 questions; first, how does the role of IFG differ for multimodal perception and integration of differing modalities and secondly, are lexical semantic, nonlexical semantic, and nonsemantic congruence processed differently from each other? Answering either of these questions requires the development of uniquely targeted experimental designs which should be aimed for in future studies.
Striatal and insular connectivity
Both dorsal and ventral parts of the striatum have been heavily implicated in the context of reward processing (Samejima et al. 2005; Delgado 2007 ), learning (Cador et al. 1989; Setlow et al. 2003) or expectation (Schultz et al. 1992; Hollerman et al. 1998 ) and even nonrewarding distractor stimuli (Zink et al. 2003) . Congruent stimuli are generally rated as being more pleasant or rewarding, especially in the context of food products (Zellner et al. 2010) . Although pleasantness ratings for the bimodal stimulus pairs were not obtained during our study, it offers a reasonable explanation for the connectivity found between bilateral putamen and left IFG.
The insula is known to play a large role in both olfaction (Lundström et al. 2011; Seubert et al. 2013 ) and multimodal perception (Verhagen 2007; Renier et al. 2009; Sterzer and Kleinschmidt 2010) . Insula's role in olfactory perception is represented through changes in functional connectivity with bilateral pirC, while connectivity with STS further highlights its involvement with multimodal perception.
Congruence grouping
The comparison of 3, rather than 2 levels of congruence was made possible by the addition of a semi-congruent condition, including semantically nonmatching OV stimulus pairs that share a similar level of healthiness. Although the congruence ratings support our categorization, the possibility remains that participants interpreted the objects in a different way, for example, based on color, shape, or product type. Due to the nature of the specific stimuli chosen, most alternative interpretations would, however, form similar conditions. For example, differentiating based on object shape would still group "apple" and "orange" whereas differentiating based on color would, likely, group "chocolate" and "caramel." Additionally, our paradigm was limited to stimuli related to food products. Despite obtaining each participant's pleasantness evaluation, and finding no significant differences, interindividual differences and preferences, as well as satiety, cannot be entirely ruled out as a possible confounder. The omniprevalence of the semi-congruent and incongruent condition in Figure 6 , combined with results by Olofsson et al. (2014) highlight the relevance of these conditions. It is therefore vital that future studies optimize stimulus and condition selection to fully and unambiguously cover these differences.
Conclusion
In conclusion, although there is a consensus regarding the involvement of specific cortical and subcortical structures in the context of multimodal perception, the extent of their involvement differs greatly based on the relationship between the observed stimuli. Our current results indicate that, among others, stimulus congruency plays an important role. Additionally, measures of functional connectivity can reveal processing networks which remain hidden for subtractive models. To further study neural correlates of multimodal perception, additional thought should be given to key areas such as IFG, and how its activation, being it signal intensity or connectivity, differs for multisensory perception of varying modalities and congruence levels.
The uncorrected significance level imposed by the current study significantly limits the interpretation of the current results. Specifically, the lack of a region-specific hypothesis results in a large number of statistical comparisons. As statistical power can be lacking for both olfactory perception and functional connectivity such as PPI, further research may benefit from increased sample sizes to potentially obtain results surviving correction for whole-brain analysis. Although respiratory behavior did not differ between conditions and was controlled for in functional image analyses, forced sniffing, as cued through stimulus presentation, limits the interpretation of results corresponding to olfactory stimuli, as the act of sniffing is known to also activate the olfactory system (Kareken et al. 2004) . Therefore, we recommend using Respiration-Triggered Olfactory Stimulation (RETROS; Hoffmann-Hensel and Freiherr 2016; Hoffmann-Hensel et al. 2017 ) to improve odor presentation and thereby improve the acquisition of olfactory induced neuronal activation.
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